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MI REPORTS 

Volatile Compounds in Archaeological Plant 
Remains and the Maillard Reaction During 

Decay of Organic Matter 
Richard P. Evershed,* Helen A. Bland, Pim F. van Bergen, 
James F. Carter, Mark C. Horton, Peter A. Rowley-Conwy 

Archaeological plant remains from excavations at Qasr Ibrim, Egypt, preserve volatile 
decay products trapped within internal networks of structural and storage macromol- 
ecules. These volatile components can be linked to specific degradative reactions 
occurring during the long-term burial of organic matter. Abundant alkyl pyrazines are 
characteristic by-products of the Maillard (or browning) reaction of proteins and car- 
bohydrates and provide evidence for the reaction occurring in buried organic matter. 

Qasr Ibrim is the site of a major archaeo- 
logical settlement located on the banks of 
the Nile in Egyptian Nubia. Excavations 
have yielded vast quantities of paleobotani- 
cal remains, including cereals, legumes, and 
oil seeds, that display exceptional morpho- 
logical preservation. These plant remains 
provide data on the various phases of occu- 
pation of the settlement (1) and are also 
proving to be useful model systems for 
studying aspects of biomolecule degrada- 
tion. Examination of the structure of prop- 
agule outer walls (seed coat and fruit wall) 
by scanning electron microscopy showed no 
visible signs of fungal or bacterial attack 
(2). The only discemible sign of deteriora- 
tion was that the ancient specimens had 
shrunk relative to modem specimens (Fig. 
1). Biomolecular analyses have shown that 
compositional changes occurred during the 
period of burial. Evidence of hydrolysis is 
seen in the conversion of triacylglycerols to 
free fatty acids, whereas a reduction in the 
abundance of unsaturated fatty acids indi- 
cates free-radical oxidative damage (2, 3). 
Intact purine and pyrimidine bases (4) and 
nucleosides (5) have been identified in the 
propagules, although the DNA strands are 
highly fragmented (3). 

When we macerated propagules of vari- 
ous species (eight species, including three 
varieties of sorghum, ranging up to 1500 
years in age), we noted a pungent odor that 
was not produced by modem specimens. 
We had not noticed such an odor in our 
studies of other archaeological and fossil 
plant remains, and its nature suggested that 
heteroatomic organic compounds were 
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abundant in the samples. We collected the 
volatile components on Tenax cartridges 
for analysis by desorption headspace gas 
chromatography-mass spectrometry (GC- 
MS) (6). 

Two examples of the taxa we studied- 
Hordeum sp. (barley, monocotyledon) and Ra- 

phanus saiivum (radish, dicotyledon)-emit- 
ted a wide variety of volatile compounds, 
including various alkyl pyrazines [methylpyr- 
azine, 2,5- and 2,6-dimethylpyrazine, ethyl- 
methylpyrazine (two isomers), trimethylpyr- 
azine, ethyldimethylpyrazine (three isomers), 
2,5-diethylpyrazine, 2,6-diethyl-3-methylpyr- 
azine, and other C4 and C5 alkyl pyrazines], 
alkyl polysulfides (CH3S2CH3, CH3S3CH3, 
and CH3S4CH3), and a series of short chain 
(C6 to C10) oxygenated compounds (includ- 
ing alkan-2-ones and n-alkanals) (Fig. 2). 
These volatile species were not detected in 
freshly ground modem propagules of either 
taxon or in analytical blanks and must be 
physically occluded within macromolecular 
networks; if they were free to diffuse, they 
would have been lost during burial. Adsorp- 
tion through van der Waals interactions or 
hydrogen bonding may play a part in retaining 
the low-molecular weight constituents; how- 
ever, these interactions must be relatively 
weak because the volatile compounds were 
released immediately on crushing the prop- 
agules. The presence of the dimethylsulfides 

Fig. 1. Light microscope photographs of cross sections cut through the ancient propagules from Qasr 
lbrim, Hordeum sp. (A) and Raphanus sativum (B), compared with those of their modern counterparts 
(C and D). The shrinkage of the ancient specimens, most evident in (A), is the result of desiccation. The 
darkening of the internal storage tissues provides visible evidence of biomolecular decay through the 
Maillard or browning reaction. Evidence for this reaction occurring within the propagules comes from the 
characteristic volatile compounds released upon crushing and shown in Fig. 2. 
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accounts for the pungent odor. The high 
abundance of proteins (7) in the radish seeds 
correlates with the appreciably higher abun- 
dance of dimethylpolysulfides associated with 
this taxon, compared with those for ancient 
barley. The volatile oxygenated compounds 
(alkanals and alkan-2-ones) derive from au- 
toxidation of unsaturated, particularly polyun- 
saturated, fatty acids (8). 

Some 80 years ago, Maillard investigated 
the origin of dark brown products, the so- 
called melanoidins, formed during reactions 
of sugars and amino acids (9-12). This re- 
action is now known as the Maillard or 
browning reaction. These high-molecular 
weight heteropolymeric products have since 
been shown to have commercial, nutrition- 
al, and toxicological significance (13). Im- 
portant by-products of the reaction are 
complex mixtures of low-molecular weight 
volatile organic compounds, best known for 
contributing favorable odors to cooked 
foods. Alkyl pyrazines formed through the 
Maillard reaction of proteins and carbohy- 
drates are major components of these vola- 
tiles (13, 14). The major route to the alkyl 
pyrazines is by condensation of dicarbonyl 
compounds (derived from hexose sugars by 
way of the Amadori rearrangement) with 
amino acids through Strecker degradation 
(15). Alkyl pyrazines are uncommon in na- 
ture [other than as components of some 
pheromones (for example, 16)], so their 
presence indicates that the Maillard reac- 
tion produced these chemical transforma- 

tions in the ancient propagules. The Mail- 
lard reaction is also responsible for the for- 
mation of the linear alkyl polysulfides by 
way of Strecker degradation of sulfur-con- 
taining amino acids, most notably cysteine 
(17). Alkyl furans of the type seen in the 
ancient barley volatiles arise in the Maillard 
reaction through dehydration and fragmen- 
tation of simple sugars (14). 

These observations have implications 
for understanding the transformation of or- 
ganic matter over time. Several models of 
organic matter transformation and preser- 
vation have been proposed (18-20). In the 
"neogenesis" model, sedimentary organic 
matter (for example, humic substances and 
kerogen) is produced primarily by the ran- 
dom recombination of small labile organic 
molecules, such as simple sugars and amino 
acids, to produce refractory geopolymers 
(18). Although the Maillard reaction has 
been widely implicated in the formation of 
humic materials, its role has remained spec- 
ulative (21, 22) because of the difficulty of 
characterizing the heterogeneous geopoly- 
mers (which may comprise polymeric mela- 
noidins). Our findings confirm that this 
reaction occurs during the decay of buried 
plant materials. The volatile alkyl pyrazines 
would normally diffuse away from their site 
of initial formation during decay, once the 
structural integrity of the plant tissues had 
been lost. They are, however, retained in 
the propagules from Qasr Ibrim because the 
arid burial conditions have slowed disaggre- 

gation, thereby ensuring preservation by en- 
capsulation within internal networks of 
structural and storage macromolecules. Vis- 
ible evidence for the classical (and comple- 
mentary) heteropolymeric browning prod- 
ucts of the Maillard reaction (melanoidins) 
is apparent from the coloration of the stor- 
age tissues of the ancient propagules seen in 
the light micrographs (Fig. 1). 
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Fig. 2. Partial desorption headspace GC-MS total ion chromatograms for the volatile compounds 
trapped in the ancient propagules (A) radish (Raphanus sativum) and (B) barley (Hordeum sp.). The 
structures of the alkyl pyrazines and alkyl polysulfides, characteristic of the Maillard reaction and referred 
to in the text, are shown adjacent to the peaks on the chromatogram. The range of aliphatic carbon 
compounds (annotated on the chromatograms with their chain length) refers to alkan-2-ones (A) and 
n-alkanals (0) formed through lipid oxidation. 
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